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Abstract
Stone columns made of coarse-grained materials and crushed stone are one of the most-used technologies for soil improvement 
all over the world. Stone columns improve the strength and deformation properties of subsoil and reduce the time required for the 
consolidation of fine-grained soils. The impact of the improvement depends on the properties of the original subsoil as well as the 
properties of the coarse-grained materials used for the stone columns. The article deals with the effects of the properties of coarse-
grained materials for stone columns on the settlement and consolidation times of improved subsoil for the foundation of a factory. 
Numerical modeling as a 2D task was performed using Plaxis geotechnical software. The numerical analysis included two methods 
of modeling stone columns in a plane strain model, i.e., one method often used by practical engineers in the region of Slovakia, and 
one modified method, which allowed for a more accurate determination of the final settlement and consolidation time. The method 
modeled stone columns as continuous walls, and the compaction of the soil between the stone columns was taken into account. The 
results showed that the type of coarse-grained material can significantly affect the final settlement and time of consolidation. Stone 
columns made of quarry stone were suitable in the given geological conditions regardless of the design of the mesh, while stone 
columns made of pebble gravel were suitable only with a mesh of 1.5 x 1.5 m.
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1 Introduction
Stone columns are one of the most-often-used technologies 
for soil improvement. They have been used since the 1950s. 
Stone columns are vertical columns made of coarse-
grained soil or crushed stone placed into the soil below a 
structure that requires improvement of the original sub-
soil. The technology can improve the properties of the 
original subsoil, increase its drainage, and reduce the time 
required for its consolidation. Computational methods are 
constantly being developed and modified to obtain eco-
nomic and effective designs. The technology has already 
been investigated and analyzed by many authors. Hughes 
and Withers [1] were the first who analyzed the complex 
behavior of stone columns, e.g., load transfer mechanisms. 
The main formula for determining the resistance of a stone 
column, taking into account friction failure, was created by 
Wong [2]. Watts et al. [3] determined that embedded stone 
columns are especially suitable for the reduction of settle-
ment and that a friction stone column increases resistance.
Priebe [4] was the first to introduce a general shear-fail-
ure pattern and the equivalent width of a foundation to pre-
dict the resistance of a group of stone columns. Hu et al. [5] 
presented the results of laboratory tests that showed that 
the failure of a group of stone columns results in a coni-
cal shape. Numerical analyses that confirmed these results 
were presented by, e.g., [6, 7]. Many methods have been 
proposed to convert the task to an equivalent plane-strain 
model for the purpose of 2D numerical modeling [8–10]. 
Castro and Sagaseta [11] presented different approaches 
and methods for the numerical modeling of stone columns, 
i.e., homogenization of the improved subsoil, transformation 
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of stone columns into continuous walls, transformation of 
stone columns into a ring, unit cell (elementary cell), and 3D 
numerical modeling. The homogenization of the improved 
subsoil is based on a determination of the equivalent prop-
erties in the zone of improvement, e.g., [12, 13]. The effect 
of the stone columns is distributed to the original soil. The 
transformation of stone columns to stone walls is based on 
the walls having the same volume as the individual stone 
columns [14]. Because the area of a stone wall is greater 
than the area of stone columns, this method requires a 
determination of the equivalent (reduced) coefficient of fil-
tration in the area of the improvement [15]. The most opti-
mal numerical model is a full 3D model. Numerical mod-
eling of stone columns using 3D model have been analyzed 
by, e.g., [16, 17].
The installation process of stone columns results in 
the compaction of the surrounding soil. This effect is not 
often taken into account in numerical models. The numer-
ical modeling of a single-stone column installation has 
been analyzed by, e.g., Weber [16], Stacho [18]. Partial 
results from these studies have been applied in the models 
presented.
The aim of the study presented in this article is an anal-
ysis of the effect of coarse-grained materials used for 
stone columns on the final settlement and consolidation 
time of the improved subsoil. The effect of the improve-
ment mostly depends on the properties of the original sub-
soil as well as the properties of the coarse-grained mate-
rial used for the stone columns. Three different types of 
coarse-grained materials were taken into account for the 
improvement of the subsoil for the foundation of a fac-
tory. The properties of the coarse-grained materials were 
determined using in-situ and laboratory tests. Two differ-
ent methods of modeling stone columns in a plane strain 
model were used. 
2 Installation of the stone columns tested and 
determination of their properties
The area tested with the stone columns is shown in  Fig. 1. 
The stone columns were divided according to the technology 
into vibro-replacement and vibro-compaction [19]. There 
are two principles for the construction of stone columns 
using the vibro-replacement technique, i.e., the top feed 
process and the bottom feed process. The stone columns 
tested were installed using the vibro-replacement technique 
with the bottom feed process. The area tested included 
9 stone columns, i.e., 3 made of pebble gravel, 3 made of 
crushed pebble gravel, and 3 made of quarry stone [20]. 
Fig. 1 Stone columns in the area tested
The original subsoil consists of very soft clay with a 
high plasticity (a firm consistency) to a depth of 5 m below 
the surface (Layer 1) and well-graded gravel below it 
(Layer 2). The properties of the original subsoil were deter-
mined using standard laboratory tests [20]. A bearing (lev-
eling) layer of compacted gravel of a thickness of 1 m was 
designed for the top of the surface. The layer transfers the 
load directly to the stone columns. The pressurized ground 
water level (GWL) was measured at the boundary between 
the fine-grained and coarse-grained soil. All the input 
properties of these layers are shown in Table 2. The prop-
erties of the coarse-grained material of the stone columns 
were determined using in-situ and laboratory tests. The 
bulk density of the material of the stone column was deter-
mined using pit tests on the existing stone columns tested. 
The minimal and maximal density was determined in the 
laboratory, which allowed for determining the density 
index of the stone columns [21]. A summary of the results 
is shown in Table 1. The grain size distribution curves of 
all the materials are presented in Fig. 2, and the grain sizes 
and shapes of the coarse-grained materials taken from the 
stone columns tested are also shown in Fig. 3. 
Table 1 Bulk density and density indexes of the coarse-grained 
materials tested
Material ρmin ρmax
Depth below the 
surface
Id± 0.0 m – 0.9 m
ρd,average ρd,average
Quarry stone 1277.9 1909.45 1943.9 1606.7 0.62–0.90
Crushed  
pebble gavel
1435.5 1966.87 1532.4 1900.8 0.23–0.91
Pebble gravel 1512.8 1884.81 1783.1 1718.8 0.61–0.77
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Fig. 2 Grain size distribution curves of the coarse-grained materials tested
Fig. 3 Sizes and shapes of the coarse-grained materials tested
The shear strength properties were determined using a 
large dimensional direct shear test apparatus. The box of 
the apparatus has dimensions of 300 × 300 mm and a height 
of 200 mm. The tests were executed on the coarse-grained 
material taken from the stone columns tested. Shear stresses 
were measured for three normal stresses of 50, 100 and 
150 kN.m–2. The results showed that the angle of shear 
strength is about 50° for the pebble gravel and 52° for the 
crushed pebble gravel. The shear strength of the quarry 
stone was given by the angle of shear strength at a value of 
about 48° and an initial shear strength of 57 kN.m–2, which 
was caused by the wedging of the grains. The failure enve-
lopes, which were determined using the large dimensional 
direct shear tests, are shown in Fig. 4.
The deformation modulus and density index were 
determined using a Frowag MDP-50 light dynamic pene-
tration test tool. The soil properties were determined using 
the correlation formulas according to Turcek et al. [20]. 
The density index was determined using Eq. (1) and the 
deformation modulus according to Eq. (2): 
I a qD dyn
b= ⋅ , (1)
E n qdef dyn
m= ⋅ , (2)
where qdyn measured the dynamic penetration resistance, 
and the coefficients a, b, n and m were determined accord-
ing to the type of soil (a = 0.13; b = 0.16; n = 8.8 and m = 
0.83 for the stone columns) [20].
The soil properties of all the original soils for the 
numerical modeling are summarized in Table 2. The 
deformation properties which were not determined using 
the tests, e.g., E50, Eur and m, were determined according to 
previous experience [21]. The numerical models based on 
the homogenization of the improved subsoil required the 
determination of the homogenized soil properties accord-
ing to the equations presented by, e.g., [13]. The proper-
ties used in the numerical analysis are given in Table 3. 
Fig. 4 Failure envelopes of the coarse-grained materials tested, which 
were determined using the large dimensional direct shear test
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The coefficients of filtration, which take into account the 
conversion of a 3D task to a 2D task, were determined 
using the Eq. (3): 
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,  (3) 
where B, R, na and sa are dimensions that depend on the 
geometry of the stone columns, and kha and ksa are the 
coefficients of filtration [15].
In cases when the compaction of the soil between stone 
columns is taken into account, the most significant change 
occurs to the deformation modules, and there is a change in 
the coefficient of the lateral earth pressure in the zone of 
compaction. The averaged values of the changed soil prop-
erties of the compacted original soil are presented in Table 4. 
These properties were determined from the axisymmetri-
cal numerical models of single stone columns that were 
focused on their installation process. In the initial phase 
of the model, the cluster of stone columns has a radius of 
0.01 m, and their stability is controlled by a zero prescribed 
displacement. The radius is increased to 0.3 m in the second 
phase, so the soil is laterally displaced and compacted. 
Table 4 Layer 1 soil properties which were changed by the installation 
of the stone columns 
Mesh m 1.5 × 1.5 1.8 × 1.8 2 × 2
K - 1.697 1.306 1.135
n-time of Eoed - 1.65 1.47 1.36
The properties of the stone columns are subsequently 
activated. The coefficient of the lateral earth pressure is 
computed as a ratio of the effective horizontal and verti-
cal geostatic stresses. The whole process is described in 
detail by [18], according to the approach first presented by 
Weber [16].
3 Creating a numerical model
Numerical models were created using Plaxis software as 
the plane strain models. The soil properties were modeled 
using the Hardening soil material model. The advantages of 
this model were presented by, e.g., [22]. The coarse-grained 
soils were modeled as drained, and the fine-grained soil was 
modeled as undrained. The width of the factory is 60 m. The 
total width of the improved area is 80 m. The bearing gravel 
layer with a thickness of 1 m was designed for the top of the 
surface. The thickness of the fine-grained layer was 5 m. 
Table 2 Input soil properties of the original soil and coarse-grained materials of the stone columns 
Parameter / Unit
Material
Layer 1 Layer 2 Bearing layer Quarry Stone Crushed pebble gravel Pebble gravel
γ kN.m–3 19 21 21 16.81 17.36 18
γsat kN.m–3 20.45 21.55 21.55 19.25 19.55 19.9
E50 = Eoed MN.m–2 5.17 101 108 82.5 65.8 45.3
Eur MN.m–2 25.85 303 324 247.5 197.4 135.9
m - 0.85 0.5 0.5 0.5 0.5 0.5
φ' ° 26.6 36.1 36.1 48 51.8 49.9
ψ' ° 0 6.1 6.1 18 21.8 19.9
c' kN.m–2 10.8 1 1 57 1 1
k
x
 = ky m.day–1 0.01037.10-3 86.4 864 864 864 864
K0 - 0.5522 0.4108 0.4108 0.3 0.3 0.3
Table 3 Input soil properties of the homogenized subsoil and soil between the stone columns   
Material Quarry stone Crushed pebble gravel Pebble gravel
Mesh m 1.5 × 1.5 1.8 × 1.8 2 × 2 1.5 × 1.5 1.8 × 1.8 2 × 2 1.5 × 1.5 1.8 × 1.8 2 × 2
γ kN.m–3 18.44 18.61 18.69 18.58 18.71 18.77 18.75 18.82 18.86
γsat kN.m–3 20.14 20.24 20.28 20.22 20.29 20.32 20.31 20.35 20.37
E50 = Eoed MN.m–2 23.5 17.35 14.55 19.25 14.39 12.19 14.03 10.77 9.289
Eur MN.m–2 75.51 57.57 49.41 62.76 48.72 42.33 47.11 37.85 33.64
φ' ° 32.05 30.38 29.63 33.01 31.05 30.16 32.53 30.72 29.89
c' kN.m–2 22.56 18.96 17.33 8.05 8.89 9.27 8.05 8.89 9.27
k
x
 = ky m.day–1 1.37.10-6 1.31.10-6 1.28.10-6 1.37.10-6 1.31.10-6 1.28.10-6 1.37.10-6 1.31.10-6 1.28.10-6
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The stone columns have a diameter of 600 m and a length of 
5 m and are finished at the top of the coarse-grained bearing 
stratum. The loading of the most loaded part of the factory 
was defined with a uniform load at the top of the surface at 
a value of 80 kN.m–2. The stone columns were modeled in 
three meshes (plan layouts): 1.5 × 1.5 m, 1.8 × 1.8 m, and 
2.0 × 2.0 m. The first model with stone columns designed 
in a square mesh of 1.5 × 1.5 m is shown in Fig. 5. There 
were 54 stone columns in one row. The stone columns were 
transferred to a wall with a width of 0.19 m. The second 
model was created for stone columns with mesh dimensions 
of 1.8 × 1.8 m. There, 45 stone columns were modeled in 
one row, and the width of the wall was 0.14 m. The third 
model was a model with stone columns designed with a 
2.0 × 2.0 m mesh. There, 40 stone columns in one row were 
modeled, and the width of the wall was 0.14 m. The fol-
lowing methods of modeling the stone columns were used:
• Model 1: Homogenization of the subsoil. The stone 
columns were not modeled; only the drains for con-
solidation were activated in place of the stone col-
umns. The reduced coefficient of filtration was used;
• Model 2: The stone columns were transferred to the 
walls. The compaction of the soil between the stone 
columns was taken into account. The properties of 
the compacted original soil are listed in Table 4.
The first phase defined the initial stress state. The stone 
columns were activated in the second phase. The third 
phase included the activation of the upper gravel-bearing 
layer with a thickness of 1 m. The loading was activated in 
the fourth phase. The construction phases were defined as 
consolidation phases with corresponding times. The last 
phase was defined as a consolidation phase that will fin-
ish when the excess pore pressures have decreased to less 
than 1 kN.m–2.
4 Verification of the modeling methodology with a 
similar example using geotechnical monitoring
The construction of the factory was planned for the follow-
ing year. The analysis presented in this article is focused on 
the selection of the most effective soil improvement design 
using stone columns. In the first step, it was necessary to 
verify the methodology of our type of numerical model-
ing in similar conditions where the geotechnical monitor-
ing included measurements of the settlement and consol-
idation. This study was presented in detail by the Stacho 
et al. [23]. The construction analyzed was a road embank-
ment founded on a similar soft subsoil that was improved 
using stone columns made of pebble gravel. The deforma-
tion of the base of the embankment was measured using a 
horizontal inclinometer. The final settlements as well as the 
times required for consolidation were recorded. The stone 
columns were modeled using the two methods described 
above. The results of the analysis are shown in Fig. 6.
They show that Model 1 estimated that longer times 
were required for consolidation in comparison to the results 
of the measurements. More optimal results were obtained 
using Model 2. The model estimated very similar times of 
consolidation with the measurements and also provided a 
smaller value of the settlement, which was closer to the set-
tlement determined by the measurement.
5 Results of study
The results of the numerical analysis for soil improvement 
using stone columns in a square mesh with dimensions of 
1.5 × 1.5 m are presented in Fig. 7. Regarding the compar-
ison of the different types of coarse-grained materials, the 
use of quarry stone led to a determination of the small-
est amount of settlement and the shortest times required 
for consolidation regardless of the model used. The use 
Fig. 5 Scheme of the numerical model with stone columns in a square mesh of 1.5 × 1.5 m
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Fig. 6 Analysis of settlement of road embankment for verification of numerical modeling [23]
Fig. 8 Time – settlement curves for soil improvement using stone columns in the plan layout of 1.8 × 1.8 m
Fig. 7 Time – settlement curves for soil improvement using stone columns in the plan layout of 1.5 × 1.5 m
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of pebble gravels led to the greatest deformations and the 
longest consolidation times in both models. The deforma-
tions computed using Model 1 were acceptable, but the 
times required for the consolidation were too high. The 
deformations determined when using Model 2 were in a 
range of 45 to 62 mm. The estimated time required for 
consolidation was 406 days for the stone columns made 
of quarry stone, 501 days for the stone columns made of 
crushed pebble gravel, and 690 days for the stone columns 
made of pebble gravel.
The numerical model with stone columns in a square 
mesh section of 1.8 × 1.8 m (Fig. 8) led to the determina-
tion of somewhat bigger final settlements. The increases in 
the settlements were about 10 to 15 %. The times required 
for full consolidation increased from about 1.8 up to 2.4 
times in Model 1 and about 1.7 to 1.77 times in Model 2. 
The results of the analysis of the numerical model with 
stone columns in a square mesh section of 2.0 × 2.0 m 
are presented in Fig. 9. The settlements increased about 
10 mm in comparison to the numerical model with stone 
columns in a mesh section of 1.8 × 1.8 m. The settlement 
at the end of the construction increased from about 57 to 
70 % in the case of Model 1 and about 65 to 77 % in the 
case of Model 2.
The results of the analysis show that the smallest amount 
of settlement and the shortest times of consolidation are 
reached when the stone columns are made of quarry stone. 
The standard limit settlement was not exceeded in any 
plan layout of the stone columns. The biggest settlements 
and the longest times of consolidation were reached in the 
case of the stone columns made of pebble gravel. In the 
given geological conditions, the limit value of the settle-
ment was reached only in the plan layout of 1.5 × 1.5 m. 
The stone columns made of crushed pebble gravel led to 
a determination of the approximately mean values of the 
settlement and consolidation times. The results of Model 
2 were estimated as the most accurate, depending on the 
results of the analysis presented in Fig. 6. 
6 Conclusions
The paper presents the results of the analysis of the improve-
ment of the soft clayey subsoil which was improved using 
stone columns for the foundation of a factory. The aim 
of the analysis was to determine the differences between 
stone columns made of various types of coarse-grained 
materials. Three tested stone columns made of pebble 
gravel, 3 stone columns made of crushed pebble gravel, 
and 3 stone columns made of quarry stone were installed. 
The testing of the stone columns permitted the determi-
nation of the properties of stone columns made of differ-
ent types of coarse-grained materials in the same geologi-
cal conditions. The results of the large dimensional direct 
shear tests showed that the angle of shear strength of pebble 
gravel is about 50° and that of the crushed pebble gravel is 
about 52°. The angle of shear strength of the quarry stone 
was about 48°, but the material also had a significant ini-
tial shear strength of about 57 kN.m–2. The numerical anal-
ysis included 2 types of stone column modeling using a 
plane strain model. The stone columns were analyzed in 
square meshes with dimensions of 1.5 × 1.5 m, 1.8 × 1.8 m, 
and 2.0 × 2.0 m. The most optimal result achieved when 
modeling the stone columns was using Model 2, where 
Fig. 9 Time – settlement curves for soil improvement using stone columns in the plan layout of 2.0 × 2.0 m
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the stone columns were transferred to a continuous wall 
of the same volume; the compaction of the soil between 
the stone columns was taken into account using a changed 
coefficient of the lateral earth pressure, and the coefficient 
of filtration was reduced (modified) from the 3D task to a 
2D task. The suitability of the model was also declared by 
the results of a numerical model from other construction 
where geotechnical monitoring was available. The small-
est amount of settlement and the shortest times required 
for consolidation of the subsoil were reached in the case 
when the stone columns were made of quarry stone. The 
use of pebble gravel for the stone columns proved to be 
less effective. Acceptable results from the settlement and 
consolidation were only obtained in the case of the stone 
columns installed in a square mesh with dimensions of 
1.5 × 1.5 m. The use of Model 1 led to a determination of a 
10–20 % greater settlement and times about twice as long 
required for consolidation in comparison to Model 2.
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